Energy sustainability and environmental issues pose greater challenges on different primary energy sectors as the global energy demand increases and it is projected to further increase with an upsurge in population. On the other hand, energy sources from conventional fossil-based fuels are depleting, forcing explorations in challenging and difficult locations. As a result, the use of alternative fuels received dramatic consideration to substitute these conventional fuels, of which natural gas took the significant share. However, the share of natural-gas vehicles in the current vehicle market is quite small, and it is estimated to be below 5%. This paper reviews the current resource scenarios including proven and potential reserves, current production, and consumption, along with the fueling infrastructure, distribution, and storage. It also provides summary of the development of fuel-injection technologies aimed to enhance the performance of gas engines. More attention was also given to natural-gas engines and their limitations. Parameters affecting the performance and combustion of compressed natural gas (CNG) in spark-ignition (SI) engines are thoroughly assessed, among which compression ratio and injection timing play major roles in the optimization of CNG-fueled engines. Furthermore, different technologies that help close the performance gap between conventional liquid-fuel and natural-gas engines and future directions of the research are presented.
Introduction
Due to an increase in pollution from automotive vehicles running on conventional liquid fuels, alternative fuels that could result in similar performance became potential candidates to be used as substitutes in short and long-term plans [1] . In the upcoming years, alternative fuels are expected to substitute conventional fuels concerning environmental and energy security issues. While the future trend in the transportation sector is inclining toward electric vehicles, a leap jump is unlikely due to existing infrastructure and resources. There is a need for an alternative transitional fuel that can lead toward 21st century ambitions of zero-carbon emission. As a result, natural gas has become the leading candidate to fill the gap in recent trends [2] .
Natural gas has been used as vehicle fuel since the 1920s. Significant development of natural gas was seen during the oil shocks in 1974 and 1979. Natural gas has become the most favorable energy source capable of matching the energy density and combustion-related issues in the engine [3] . Natural gas is also a leading candidate for transportation vehicles in many countries mainly due to its vast abundance, its price, lower emission rates, and suitability of use in conventional diesel and gasoline engines. In fact, natural-gas combustion produces the lowest greenhouse-gas emissions of fossil fuels, together with a minimal level of suspended particles [4] . As a result, natural gas received great acceptance for fueling vehicles in recent years, and this is likely to rise in the coming years [5] . Over the last few years, the discovery of shale gas and an advancement in unconventional gas production prompted further focus to natural gas. The discovery of natural gas geographically and globally diversified the production of natural gas. According to the International Energy Outlook 2016 (IEO2016) and Annual Energy Outlook 2016 (AEO2016), shale gas is expected to claim up to 30% of the global natural-gas production share by 2040.
Despite all the advantages of fuel and its increasing volume of production, the market share of natural-gas vehicles is too low, comprising only 1.27% [6] , and the growth rate is forecasted at 5-7% annually [7] . This weak growth does not match the rapidly increasing growth of transportation vehicles. The attributes to this are a common misconception, operational problems associated with retrofitted engines, storage size, and safety, in addition to a lack of advancement in fuel-conversion technologies, and a greater expectation for the fuel-conversion efficiency in a pollution and energy-saving context being among other contributing factors. Over a two-decade period, there was significant research work to overcome such challenges. Moreover, there were a few review works compiling the works that highlighted the investigation and development of natural-gas vehicles, mainly based on the fuel-conversion technologies and their limitations [8] [9] [10] [11] . However, these reviews barely touched the research data in the last decade, except for an effort by Khan et al. (2016) in their bibliographic review [12] .
Therefore, the aim of the current review is to highlight the progress on the development of natural-gas-fueled engines for the transportation sector and their technological limitations. This review work targeted the expanding global resource of natural gas, the fueling infrastructure development, the natural-gas fuel-conversion technologies and their technical and operational limitations, and finally, in the conclusions and perspective section, focused on the latest advanced technologies and future technological trends.
Natural-Gas Resources: Global Perspective
The world's energy demand increased in last decade, and different energy sources are utilized to fulfill the need [13, 14] . Conventional fossil fuels, including coal and oil, took the lion's share of the energy sources over the last few years [15] . However, this proved to have many disadvantages in terms of emission and human health, especially in cities with high population [16, 17] . Many efforts were made to combat this growing issue, one of which was the use of alternative fuels in different sectors [18, 19] . Table 1 shows world energy consumption by fuel over the past 15 years. Globally, natural gas is the third major energy source, where its use increased over the last decade as opposed to coal and oil. Supply from the major shareholders of energy sources, coal and oil, was observed to decrease in the last ten years, from 33.49% to 32.94% for oil and from 29.84% to 29.20% for coal. Due to the reduced reserves of petroleum resources, alternative fuels such as natural gas would lighten the dependency on conventional fossil fuels. This was predicted to increase the natural-gas demand by up to 50% in 2035 from 2010 [21] . Natural gas is a cleaner energy source that reduces the carbon emissions by 20-30% as compared to conventional fuels. Moreover, natural gas is regarded as the primary fuel source for gaining energy security in the long term [22, 23] . It was reported that natural gas would be a potential fuel for sustainable energy sources after 2050 [24, 25] .
Proven Natural-Gas Reserves
Globally, there is an abundance of natural resources [26] . Table 2 shows a comparison of natural-gas reserves between 2005, 2015, and 2017. Natural-gas reserves amounted to 186.9 trillion cubic meters (tcm) in 2015, and there were 157.3 tcm in 2005, showing more than a 15% increase in a decade. The largest reserve in 2015 was found in the Middle East, which holds 42.8%, followed by Europe and Eurasia (30.4%), the Asia-Pacific (8.4%), Africa (7.5%), North America (6.8%), and South and Central America (4.1%). Many end sectors are motivated by the abundant resources of natural gas [27] . The proven reserves are much greater than that for conventional liquid fuels in 2017: 193.5 tcm versus 270 billion cubic meters (bcm), which further encourages the comprehensive utilization of natural gas. Natural gas is being discovered in different geographical regions of the globe [29] . There are two forms of natural-gas reserves: conventional and unconventional [30] . Unconventional natural-gas reserves are categorized into four: coalbed methane or coal-seam gas, shale gas, gas from tight sandstones or tight gas, and methane hydrates (least known). Conventional gas is produced from permeability reservoirs, while shale gas is produced from lower permeable mudstone. Coalbed methane is expensive due to the requirement of water disposal, while tight sands need high developmental costs. Among proven global natural-gas reserves, 4% of them are unconventional gas, including shale gas, coal-seam gas, and tight gas. The Asia-Pacific holds 30% of the unconventional gas reserves, North America holds 25%, and 17% of the total unconventional reserves were found in the former Soviet Union. This increased unconventional gas shares to 15% from 12% in 2007 [31] .
Global Potential Reserves
Natural-gas resources are believed to be enormous with vast recoverable reserves worldwide. The global natural-gas reserves were estimated to be 186.9 tcm in 2015, as shown in Table 2 , representing only 22% of the total gas reserves worldwide according to Economides et al. (2011) . According to this report, there is a potential of 662.33 tcm of gas reserves that can be recovered, and this amounts to 78% of the world's total proven plus potential reserves [32] . The substantial quantity of natural-gas resources emboldens applications of natural gas in different sectors.
Despite the enormous amount of recoverable gas available worldwide, there are technical challenges that are encountered during gas production. Recent advancement of technologies, such as hydraulic fraction and horizontal drilling, are widely utilized to alleviate the problems. As a result, a huge amount of shale gas is being produced. Song et al. [33] studied how natural gas can be produced from methane hydrates via thermal stimulation or depressurization, and using both simultaneously. With advanced technology in many countries, the use of natural gas as an energy source is feasible and expected to intensify significantly, which would finally support countries in shifting from coal and oil dependencies soon. Chong et al. [34] stated that natural gas is a strong candidate for an energy source in the future compared to coal and oil. They highlighted that natural gas could also be explored from hydrate resources, which are considered as the largest sources of carbon.
Current Production Capacity and Consumption
Production of natural gas was instigated from coal in Britain in 1785, followed by drilling from the earth's core [35] . Fei et al. [36] described that natural gas could be produced from fossil resources or anthropogenic resources. Currently, natural gas is produced from both unconventional and conventional gas resources. Hydraulic fracturing (HF), which involves removing gas from the rock following drilling in depth, contributed to the higher production of natural gas recently [37] . Natural-gas production grows by an average of 2.5% every year. Almost equivalently, world natural-gas consumption also increased in the last decade [38] . The global consumption growth was estimated at 1.7% in 2015. Natural-gas production and consumption were both observed to increase in the last decade at averages of 2.4% and 2.3%, respectively. The highest production growth was observed in North America with an estimate of 3.9% in 2015.
The huge production in North America was mainly due to shale gas, which accounts for approximately 32% of the total reserves in the United States (US) [32] . The development of shale technology (a mechanism of recovering reserves which were thought to be unrecoverable) strengthens the production of natural gas in North America [39] . Table 3 shows the top five natural-gas-producing countries in 2015. The largest producer of natural gas was the US with 767.3 bcm, followed by Russia (573.3 bcm), Iran (192.5 bcm) , Qatar (181.4 bcm), and Canada (163.5). Table 3 . Top five natural-gas-producing countries in 2015 [28] .
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Natural gas would play a significant role as a fuel for satisfying the energy demands due to its advantage in the long term in terms of price and its benefit in alleviating climate changes [46] [47] [48] . The last half of a decade saw dramatic growth in natural-gas production with the new technology of recovering reserves that were once thought to be unrecoverable reserves [49] . Two new extraction techniques, hydraulic fracturing and horizontal drilling, which allows the drill shaft to move horizontally underground, resulted in a boom in natural-gas production recently [50, 51] . Melo-Martín et al. [52] reported growth in natural-gas production from unconventional sources using recent technologies. Natural-gas production and consumption increased in many parts of the world, and it is projected to further increase in the years to come [53] . Figure 1 compares the production of natural gas by type in the US, China, and Canada in the year 2012 and 2040. It reveals how shale technology would further increase natural-gas production worldwide. The production of natural gas from shale reserves was almost nil in China and Canada, as opposed to that in the United States in 2012. However, it was predicted that the production of gas from this reserve would be practical in many countries in 2040, increasing world natural-gas production in the coming years. Asche et al. [54] discussed that significant production of shale gas, currently considered an unconventional gas, would probably be regarded as a conventional reserve. Bazilian et al. [55] also stated the massive production of shale gas in North America and recommended researches on applicability. recent technologies. Natural-gas production and consumption increased in many parts of the world, and it is projected to further increase in the years to come [53] . Figure 1 compares the production of natural gas by type in the US, China, and Canada in the year 2012 and 2040. It reveals how shale technology would further increase natural-gas production worldwide. The production of natural gas from shale reserves was almost nil in China and Canada, as opposed to that in the United States in 2012. However, it was predicted that the production of gas from this reserve would be practical in many countries in 2040, increasing world natural-gas production in the coming years. Asche et al. [54] discussed that significant production of shale gas, currently considered an unconventional gas, would probably be regarded as a conventional reserve. Bazilian et al. [55] also stated the massive production of shale gas in North America and recommended researches on applicability. Shale gas is predicted to take over the dominant share in US natural-gas consumption, from 0.396 bcm/day in 2011 to 0.62 bcm/day in 2020 [32] . The production of shale gas increased tenfold annually in the US over the last half of a decade [57] , and it is expected to reach three times the current production in 2020. Fukui et al. [58] showed the experience curve for hydraulic fracturing of unconventional natural-gas production, and reported that hydraulic fracturing increased the production of natural gas and lowered wellhead gas price recently. Arora et al. [59] conducted a simulation study showing the growth in world economic activity from 2014 to 2035 as a result of natural-gas production from shale reserves and exports from the US.
Heidari et al. [60] surveyed natural-gas consumption in Iran, and concluded that natural gas has a significant impact on the country's economic growth. Clark et al. [61] showed an increased consumption of natural gas in the US by about 4.8% due to a different policy encouraging the use of natural gas. China's numerous policies supporting the use of natural gas led to significant demand and progress [62] . As a result, the annual natural-gas output increased by 12.1% in China from 2000 to 2014, while consumption grew by 15.1% annually. Cabalu et al. [63] indicated that increasing gas efficiency in addition to developing technologies for the vast production of natural gas would reduce imports and improve the energy security of Asian region. Figure 2 depicts the global consumption of natural gas by sector from 2014 to 2020. An integrated equilibrium modeling system and a large-scale simulation model were used by the US Energy Information Administration (EIA) and International Energy Agency (IEA), respectively, to forecast natural-gas consumption. Natural gas provides the second major energy source for power generation. Natural gas consumption in the transport sector was estimated to be 11%, and this is projected to increase in the future. As the global greenhouse emissions emanate from the Shale gas is predicted to take over the dominant share in US natural-gas consumption, from 0.396 bcm/day in 2011 to 0.62 bcm/day in 2020 [32] . The production of shale gas increased tenfold annually in the US over the last half of a decade [57] , and it is expected to reach three times the current production in 2020. Fukui et al. [58] showed the experience curve for hydraulic fracturing of unconventional natural-gas production, and reported that hydraulic fracturing increased the production of natural gas and lowered wellhead gas price recently. Arora et al. [59] conducted a simulation study showing the growth in world economic activity from 2014 to 2035 as a result of natural-gas production from shale reserves and exports from the US.
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Natural-Gas Fueling Infrastructure
The natural-gas supply system is the main feature considered when it comes to intensifying the number of natural-gas vehicles, for which refueling stations play the leading role [39] . Natural-gas refueling stations are the primary concern for users of natural-gas vehicles [85] . Fueling stations are also the main hindrance for the widespread use of natural-gas vehicles. However, a higher growth in the number of refueling stations was observed and reported. There were more than 28,955 fueling stations at the end of 2016, and a linear increase was foreseen for the coming years. The global trend in the number of natural-gas refueling stations over the last two decades is shown in Figure 5a . Higher growth was observed in the last decade, before which the number of fueling stations was quite small. With the growth in the number of NGVs, the number of fueling stations is increasing rapidly in many regions. Figure 5b illustrates the number of refueling stations by region as of 2016. The Asia-Pacific has more than 16,000 fueling stations, making it the region with most number of stations. This geographic region also saw fast growth in the number of natural-gas fueling stations. In contrast, slow growth was observed in other regions, which, in one way or another, affected the broad adoption of natural gas as a vehicle fuel. Engerer et al. [80] discussed the influence of lack of infrastructure on the growth rate of the number of NGVs in Europe as the region, except for Italy, experienced a slower growth rate in the number of NGVs during the last decade. 
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Types of Refueling Station
Similar to the vehicle performance parameters, refueling stations and services could be of importance for NG vehicle operation. There are two types of natural-gas fueling station: CNG refueling stations and liquid natural gas (LNG) refueling stations. CNG refueling stations require additional infrastructure compared to gasoline or diesel stations. This mainly includes large compressor and cooling systems to compress the gas to 24 MPa, which increases the initial construction cost of CNG stations [74] . It was reported that constructing one refueling station requires a huge amount of investment. LNG fueling stations cost twice that required for CNG fueling stations, making it a barrier for developing the infrastructure. CNG can also be filled by LNG, whereby L-CNG refueling stations are used involving gasification prior to CNG sales machines [88] .
Unlike CNG refueling stations, LNG refueling stations do not require a compressor. As a result, there is less noise emission than CNG stations. Moreover, it is comparatively compact in shape and requires easier installation as the parts can also be assembled in a factory. The number of LNG refueling stations is increasing in many countries. The number of refueling stations in the US and China rose by 3% and 32%, respectively, in the years from 2010 to 2015 [89] . Supplying LNG through LNG tankers is more economical than on-site liquefaction. CNG can also be supplied to LNG stations if there is a small-scale liquefaction plant. Arteconi et al. [69] investigated the use of LNG in vehicles, and problems existed with supply systems. It was reported that solving the limitation of refueling stations through either government subsidies or incentives could help natural gas meet the demand required by the transportation sector, and this could be achieved with limited additional investment. For instance, a European project called GasHighWay is aiming to solve refueling barriers [90] . The European commission plans on building LNG fueling stations at every 400 km, and it is targeting to alleviate the barrier of using LNG as an alternative fuel for heavy-duty vehicles in the region [91] .
Natural Gas Quality
Natural gas is non-toxic to human beings and animals. In the event of leakage, it tends to disperse into the atmosphere due to its lightweight characteristics as compared to air. If the leakage also happens in a confined space, the displacement of oxygen is expected, which may slightly affect respiration; however, its lightweight nature helps make lower points have sufficient oxygen, while displacement is only expected at the highest point. Its energy-to-carbon ratio is the high compared to other fossil fuels. Its octane number is the highest (110/130) [92] compared to diesel (92/96) and gasoline (95/98), which helps increase the compression ratio, thus leading to higher efficiency [93] . Its autoignition temperature is approximated to be 540 • C, whereas it is 225 • C for diesel. More importantly, it is insensitive to climate conditions as it does not freeze until −165 • C. Bakar et al. [10] reviewed the advantages of CNG with vehicles regarding environmental issues. On average, there is more than 50% reduction in emissions, excluding CO 2 , reported with the combustion of natural gas, with almost zero little matter [11, 94] . The noise level was also detected to be quite small, and natural gas further reduces noise by about −5 to −8 decibels, which improves quality of life in urban areas. It is easily incorporated with biomethane produced from biomass without modification in the engine design or infrastructure. It has higher calorific values, which, in some regions, results in it being named H-gas referring to high-calorific gas [95] .
Natural gas is mainly composed of methane with an approximate percentage of 99% [96] . In many samples, methane constitutes 92% of natural gas, whereas the remaining components are higher-level hydrocarbons and some contaminants [97, 98] . A composition of methane as low as 70% can also be found in natural gas [99] . Table 6 shows the compositions of different samples of natural gas. Natural gas also receives more attention in safety, environmental, and efficiency contexts compared to conventional fuels [100] . Liu et al. [101] reported that synthetic natural gas could be used in CNG vehicles. Currently, an increase in natural-gas demand motivated higher synthetic natural-gas production. Natural-gas properties play a significant role in gas engineering, among which density is the main property. Esfahani et al. [102] used a least-square support vector modeling approach to determine the density of natural gas. The density of natural gas was predicted as a function of molecular weight, temperature, and pressure. The model predicted the density of natural gas in pressures ranging from 1 to 690 bar, temperatures from −3.9 to 238 • C, and gas molecular weights from 16 to 130. They observed higher effects of molecular weight on gas density compared with the consequences of pressure and temperature. Jarrahian et al. [99] illustrated the measurement of viscosity of natural gas at high temperature and pressure. They predicted the viscosity of natural gas in a wide range of temperatures (up to 444 K), pressures (up to 138 MPa), and compositions, which helps during the design process of surface facilities and the management of natural gas [103] . Major effects of the molecular weight of gas on viscosity compared to pressure and temperature were also observed by Yousefi et al. [104] , who developed a model that predicted the viscosity of natural gas. Another critical parameter that affects natural-gas transportation in the pipeline is the dew point, which causes condensation and pressure drop, thereby affecting transportation efficiency. Skylogianni et al. [105] developed a model to measure and predict the dew point of natural gas, so s to avoids hydrocarbon condensation and increase transportation efficiency. Pezhman et al. [5] investigated the thermophysical properties of natural gas, so as to optimize natural-gas production. Table 7 shows the properties of CNG as compared to the two conventional transport fuels. [107] . 4 Heating value of stoichiometric mixture, a mixture in vapor state [107] . 5 Heating value of stoichiometric mixture, a mixture in vapor state [107] .
Fuel Treatment and Distribution
The transmission of natural gas through pipelines is one of the major challenges for the popular utilization of NGVs. The presence of carbon dioxide and hydrogen sulfide along with water forms an acidic solution, which is very corrosive and leads to severe damage in the pipelines, and hence, leakage of the natural gas. The presence of water, on the other hand, would cause slug flow following condensation in pipelines. As high as 70% CO 2 could be present in some natural-gas fields. Therefore, it is necessary to remove some acidic gas prior to transportation to meet pipeline specifications of 2-3% CO 2 or not more than 50 ppm CO 2 in LNG production. By removing the acidic gases, the gas volume reduces, and the sold gas stream calorific value can be increased [114] . Currently, there are some mechanisms to remove these acidic gases via sweetening technologies to prevent corrosion. The utilization of these technologies depends on natural-gas feed conditions, size and location of natural-gas treatment plants, plant economics, ambient conditions, process control, and environmental aspects [115] .
There are some mechanisms that are popular in this area, such as physical and chemical absorption, membrane separation, and low-temperature separation. The most suitable process for the removal of CO 2 from LNG is low-temperature separation as the distillation temperature for the gaseous products and dehydration is achieved. Moreover, CO 2 can be solidified and removed at a temperature below its solidification temperature, and achieves a higher degree of fractionation by adding additives. Membrane processes are also another eco-friendly alternative with little loss of amine solution. The most common membrane used is cellulose acetate, and the process depends on the gas components, membrane material, and the process conditions [116] . This technology is able to remove chemical species without phase change, and requires low thermal energy and simple process flow [117] . Membrane technology is normally used for purification and desalination of water, and is widely used to remove carbon dioxide, nitrogen, and hydrogen sulfide, which is highly toxic and corrosive. Higher compression-gas pressure is also required to overcome the hydrodynamic resistance caused by the permeation of acidic gases through nanoscale pores [118] . In the amine absorption process, the crude natural gas enters the separator in order to remove the free liquid prior to entering the absorber. The lean amine solution then enters the absorber and reacts with acidic gases and dissolves in the liquid phase. The acidic gas stream is cooled and flashed back to recapture water, which is then flowed back into the regeneration column to prevent water loss. However, the disadvantages of this process are the occurrence of corrosion during absorption, degradation when oxygen combines with amine solutions, and foaming due to condensed hydrocarbons, suspended solids, and other impurities [119] .
Furthermore, inorganic solvents in carbonate-based absorption can chemically absorb CO 2 . The process is regenerable, requiring low desorption energy; however, it has a lower rate of carbon-dioxide absorption that can be enhanced by adding piperazine. In addition, the gas stream can also be passed through trays with caustic solution in sodium-hydroxide-based absorption. The CO 2 forms a non-regenerable solution (Na 2 CO 3 ) that must be removed in the process. The liquid desiccant absorption process (physical or chemical) is the most common technology used in the removal of acidic gases from natural gas worldwide. The acidic gas reacts with aqueous alkaline amine solution, and hence, purifies the processed gas. This process is mainly enhanced by lower temperatures, higher amine concentrations, and circulation rate. Furthermore, solid desiccant adsorption processes can handle lower gas-processing capacities. Its working principle involve either adhesive force or a chemical process [118] .
The production of natural gas can be increased; however, the ability to distribute to the end user needs significant attention and consideration. The distribution of natural gas is one of the concerns. Natural gas can be transported to refueling stations either via pipeline or LNG tanker. The transportation of NG is mainly performed via underground pipeline to minimize the harmful effects [95] . Pipelines are an efficient way of transporting natural gas [120] . The transportation of natural gas via pipelines is common, which reduces the cost of liquefying the natural gas, and also reduces the transportation risk on the road [121] . Moreover, liquefaction requires advanced technology. Pipelines are generally the main pathways for transporting natural gas domestically and across countries [122] . To fulfill the increasing number of vehicles run by natural gas, there are many pipelines under construction in many regions. Recently, a higher growth in the number of pipelines was also observed worldwide. For instance, the overall length of China's pipelines reached 50,000 km from 16,000 km in ten years, and is expected to reach 100,000 km in 2020. Different policies are also in effect to boost the distribution line, and a higher pipeline utilization rate would help meet increasing natural-gas demands [123] .
Distribution systems play a significant role for natural gas to be widely used. Natural gas can also be transported as LNG. LNG involves the use of a liquefaction plant to convert gas into a liquid phase, after which it is stored in a cryogenic tank at −160 • C [124] [125] [126] . LNG transportation is frequent in many regions [127] . Three-quarters of Asia's imported natural gas is as LNG, 50% of which belongs to Japan [128] . LNG imports are also increasing in Europe. Dorigoni et al. [129] predicted a tremendous increase in natural-gas usage in Europe by 2025 and compared the effectiveness of LNG imports, where the current LNG cost is higher than that of pipeline transport. However, their model also predicted a lower LNG price than that of pipeline gas if liquefaction, transportation, and regasification costs could be reduced in the future. The increase in LNG infrastructure across Europe was also reported in another study [130] .
Currently, though there is a huge supply of natural gas from unconventional reserves, liquefaction facilities hinder the export capacity [131] . Wang et al. [132] studied the potential of natural-gas transport in Asia. They reported that pipelines carry 70% of the natural gas, and the remaining 30% is transported as LNG. CNG pipelines are mentioned as not being a good option for long-term utilization. As such, LNG could be considered a better option. However, this depends on the market demand and consumption capacity. It was reported that transporting natural gas in pipelines is more efficient [133] . For unforeseen circumstances and problems in pipelines, LNG is a better consideration, and its usage recently increased [134, 135] . This diversification could potentially minimize issues related to supply [136] . Similarly, natural-gas storage plays a significant role in the development of NG vehicles. As the global consumption of NG increases, constructing a bigger storage system is required to alleviate deficiency issues, especially during times of peak demand. Table 8 shows LNG and pipeline shares in the global gas market. The LNG share in the global gas trade market is increasing and was forecasted to overtake that of pipelines after 2020, resulting in an increase in the number of LNG vehicles. Wang et al. [137] proposed that there would be a dramatic growth in the number of LNG vehicles in China. A higher rate of LNG export from the US as a result of shale-gas production was forecasted [138, 139] . The distribution phase is one of the main bottlenecks for LNG vehicles, though the technology of refueling, storage, and burning are well established. Two methods can be used to supply LNG to the refueling station. The first method is through purchase at regasification terminals, which depend on distance, and it was found not to be economical for very long distances, as heat can change the liquid to gas. The second method is through liquefaction on site [69] . For long distances, the latter might be an economical and feasible option; however, the main issue involves the availability of small-scale liquefaction. Table 8 . Liquid natural gas (LNG) and pipeline shares on the global gas trade market, adapted from Reference [140] . 
Natural Gas Transport
Fuel Storage and Range
The storage of natural gas raises some disadvantages compared to liquid fuel, as it is in gaseous form at standard temperature and pressure conditions. The energy content per unit volume (storage energy) of natural gas is lower than liquid fuels. Natural gas can be made ready for use in vehicles in two forms: compressed natural gas (CNG) and liquid natural gas (LNG). LNG and CNG both indicate the stored forms of natural gas [141, 142] . Most natural-gas vehicles worldwide operate with CNG as opposed to LNG [4] . Anderson et al. [39] illustrated that liquefying natural gas is an option to consider for enhancing the performance of natural gas, which lacks initial energy content in its normal condition. LNG was found to result in a similar performance to that of diesel-fueled engines, and as a result, it was found attractive for heavy-duty vehicles. A cryogenic tank is required to store LNG at −165 • C. Another option of restraining natural gas to an adequate size is by compressing it to 20-22 MPa, which reduces its standard gaseous volume 100-fold. Pressurizing the CNG in a sealed storage container increases the energy density closer to that of liquid fuels. By doing so, it reduces the need for a larger tank in the car. Compressing the gas to the level mentioned above requires a hard certified tank, such as one made from steel or carbon fiber. Moreover, testing every five years is required to reduce accidents caused by cylinders. As the energy density of natural gas is 25% lower than that of gasoline, the tank usually takes up more space in the trunk of vehicles. The compression of natural gas, therefore, alleviates the issue of spacing in vehicles. It was reported that space problems in small vehicles is no longer an issue as small fuel tanks are suitable for storage in small vehicles [143] . CNG fuel characteristics are listed in Table 7 . Table 9 shows differences between CNG and LNG. LNG vehicles (1% of the total number of vehicles) are lesser in number compared to CNG vehicles (5% of the total number of vehicles). Hao et al. [84] reported that China started using LNG as vehicle fuels in 2009, whereas CNG was widely used beforehand. Eighty percent of CNG vehicles were modified from gasoline-fueled vehicles, while 20% were initially manufactured as CNG vehicles due to consumer cost contemplation. Modifications involve the installation of a CNG tank and an engine retrofit. Modified CNG vehicles were found to be more attractive than manufactured CNG vehicles as the follow-up costs were higher in the case of the latter. For LNG vehicles, 70% were heavy-duty transports (HDTs), and the other 30% were buses. Comparatively, LNG vehicles are more expensive (20% higher than diesel), typically due to the cost incurred by LNG tanks. Table 9 . Differences between compressed natural gas (CNG) and LNG [132] . Storage capacity plays a significant role in the range of CNG vehicles. CNG vehicles have reduced driving distance, typically between 150 and 200 km, and the gas tank takes 10-20% of the luggage space. Upon replacing gasoline engines, CNG vehicles must cover a minimum range of 450 km, compensating for the coverage range of gasoline vehicles between 450 km and 800 km with a storage capacity of 45 to 110 L [85] . The storage capacity and pressure determines the range of vehicles following the optimization of engine efficiency. The pressure at the filling station of CNG is usually 24 MPa [144] . To achieve the range mentioned above, the storage capacity needs to be in the range of 170 to 280 L, which is almost three times that of the average of its gasoline counterpart, thereby reducing space for passengers and cargo. Moreover, the storage tank should also withstand mechanical damage due to accidents, and external degradation due to environmental conditions, including heat.
Properties
CNG vehicles still currently lack individual consumer market penetration. Decreased range, the reduced number of refueling stations, purchasing price, and difficulties during servicing are some of the barriers for adopting CNG as a vehicle fuel [39] . The purchasing price is higher for CNG than for gasoline. For example, the price for a Honda Civic was 18,500 USD for gasoline, while it was USD 26, 500 for a factory CNG vehicle. The lower cost of fuel is believed to offset the initial purchase price of the vehicle, and this is more feasible in a larger fleet, as there would be bulk purchase sharing refueling and maintenance facilities. CNG does require modification when used in gasoline engines. Converting gasoline vehicles to CNGVs is technically possible by separately fitting a fuel supply system and injecting into the same cylinder. It can also be used in a diesel engine with small modifications. However, the theoretical performance of CNG may not be achieved, as engine internals have some effects. The simpler conversion of conventional vehicles into CNG vehicles augmented the number of natural-gas vehicles by 2.5% per year over the last four decades in different vehicle types, including light or heavy vehicles, commercial trucks, street sweepers, trains, and buses. A significant regulator is required when delivering CNG from storage to four-stroke engines, and a gas injector assisted by a metering valve is also needed for injecting gas into the combustion chamber.
Natural Gas from Other Sources (Renewable CNG and Biomethane)
In addition to the promising reserves and relatively low prices, some countries also decided to produce biomethane for transportation to avoid potential problems related to supply to the international market. This is widely practiced in some regions in an effort to tackle energy and supply security caused by geopolitical pressure and instability, and as a result, the use of biogas in different parts of the world is estimated to double current production in 2022 [145] . Biogas is produced via anaerobic digestion, which is a biochemical conversion mechanism of biomass into useful fuel. The process involves the digestion of human, animal, and plant waste with anaerobic organisms in the absence of oxygen in the digester [146, 147] . Biogas can also be produced via anaerobic fermentation in landfill, which is referred to as landfill gas. There are three main stages in biogas production: hydrolysis, acidification, and methane formation. Consequently, the product contains methane in prime amounts ranging from 50% to 60%, while the remainder is mostly composed of CO 2 comprising 30% to 40%. It has a small amount of other impurities including water, albeit not exceeding 4%. As the methane content in biogas is high, it can be directly used for heat and electricity generation. However, as the methane concentration determines the energy content, upgrading to a higher proportion of methane, called biomethane, is vital for its application as a transport fuel. Upgrading biogas to biomethane removes CO 2 , which purifies the gas and constitutes its energy content as a fossil-fuel-derived natural gas. Biomethane production was reported to be suitable for different engine modes, and its share in the transportation sector is estimated to reach 27% by 2050 from a 2% share at present [148] . Moreover, it was found that the application of biomethane in the transportation sector is as economically competitive as heat and electricity generation from biogas [149] .
Membrane separation, chemical and physical absorption, pressure swing adsorption (PSA), and cryogenic processes are some recent technologies being used to upgrade biogas to biomethane. In conjunction with these technologies, a prior stage is required to remove or reduce other impurities including H 2 O, siloxanes, and H 2 S. Absorption relies on the solubility of compositions in the biogas. As CO 2 is more soluble than CH 4 , it can be separated via absorption, which can be categorized into high-pressure water scrubbing, organic physical scrubbing, and chemical scrubbing. The category is based on the solvent used for the absorption process. Water is used as the solvent in water scrubbing, organic solvents, such as selexol, are used in organic physical scrubbing for dissolving purposes, while chemical scrubbing uses chemicals to absorb and chemically react with CO 2 [148] . In pressure swing adsorption, CO 2 due to its lower molecular size compared to CH 4 can be removed into the adsorbent material using elevated pressure and separated from CH 4 . Regeneration processes would then help remove the adsorbed CO 2 by applying lower pressure [150] . Currently, membrane separation has a larger market due to its economic benefits. The principle of cryogenic separation mainly arises from different boiling temperatures of CO 2 (−78.2 • C) and methane (−161.5 • C) at 1 bar; thus, the separation of the two gases can be achieved while liquefying [151] . Biomethane with above 95% methane content was achieved using these technologies, which is then suitable to be used as vehicular fuel.
There is a recent initiative of producing methane through power to a gas solution in view of storing excess renewable electricity [152] , CO 2 capture, and flue gas treatment [153] . Methane can be produced through this solution in two steps. A surplus of electricity is supplied to the electrolysis process where high-temperature steam is injected, and oxygen and hydrogen are separated.
Hydrogen is then combined with carbon dioxide in a methanation reaction. The technological, economic, and environmental feasibility of such an initiative is still under investigation. The methane produced from this process is another potential alternative fuel for internal combustion engines.
Natural-Gas Engines and Their Limitations
Since the 1940s, natural gas has been used as a source of energy for heat and electricity, and as a raw material in the chemical industry. In the transportation sector, it has been used to fuel vehicles for decades. This was intensified in the last two decades due to the mass production of lightweight high-pressure storage cylinders [11] . However, the market share of natural-gas vehicles is low, amounting to only 15.2 million of the 1.2 billion total vehicles [6] . This is in contrast to the multifaceted benefits of the fuel and its abundant availability. Even though research shows a growing trend in the market share of natural-gas vehicles in the next 20 years, with an annual growth of 5-7% pushing the market share to 35 million in 2025 [7] , natural gas is far below the capacity of replacing other fuels in transportation sector. This section presents the types of engine using natural gas as a source of energy, and their limitations. Natural gas is commonly used in automotive vehicles with two methods of fueling, compressed natural gas (CNG) and liquid natural gas (LNG). Details of these two fuels are stated in Section 3, Table 9 . This section focuses on CNG-powered engines and their limitations.
CNG is most commonly utilized in spark-ignition (SI) engines. This is due to the higher autoignition temperature, as shown in Table 7 , requiring higher ignition energy only attainable through a spark. In recent studies, there were efforts to utilize CNG as a diesel substitution in compression-ignition (CI) engines in a dual-fueling mode. This was mainly motivated by the higher emissions of particulate matter (PM) and nitrogen oxides (NOx) in diesel-fueled compression-ignition engines. Figure 6 shows the various combustion modes for CNG in internal combustion (IC) engines [154] . The utilization of CNG in compression-ignition (CI), dual-fueling compression-ignition (DFCI), and homogeneous-charge compression-ignition (HCCI) engines, along with their recent progress, is the focus of a separate review. The current work focuses on the utilization of natural gas in spark-ignition engines and its technological and operational challenges. The latest advancements in research and development using CNG in diesel engines is also briefly discussed. economic, and environmental feasibility of such an initiative is still under investigation. The methane produced from this process is another potential alternative fuel for internal combustion engines.
CNG is most commonly utilized in spark-ignition (SI) engines. This is due to the higher autoignition temperature, as shown in Table 7 , requiring higher ignition energy only attainable through a spark. In recent studies, there were efforts to utilize CNG as a diesel substitution in compression-ignition (CI) engines in a dual-fueling mode. This was mainly motivated by the higher emissions of particulate matter (PM) and nitrogen oxides (NOx) in diesel-fueled compressionignition engines. Figure 6 shows the various combustion modes for CNG in internal combustion (IC) engines [154] . The utilization of CNG in compression-ignition (CI), dual-fueling compressionignition (DFCI), and homogeneous-charge compression-ignition (HCCI) engines, along with their recent progress, is the focus of a separate review. The current work focuses on the utilization of natural gas in spark-ignition engines and its technological and operational challenges. The latest advancements in research and development using CNG in diesel engines is also briefly discussed. The ignition and flame initiation process of an SI engine should be discussed in detail for a better picture of the combustion phenomenon of both liquid and gaseous fuels. In an SI engine, combustion is initiated by a spark discharge, which is imposed by an electrical ignition system. The initiation and formation of a self-sustaining flame kernel in the combustion of such an engine comprise complex processes that can have many phases. These stages are categorized as pre-breakdown, and the plasma and initial combustion phases [155] [156] [157] . The fundamental requirements for the ignition system are Figure 6 . Combustion modes for compressed natural gas (CNG) in internal combustion (IC) engines [154] .
The ignition and flame initiation process of an SI engine should be discussed in detail for a better picture of the combustion phenomenon of both liquid and gaseous fuels. In an SI engine, combustion is initiated by a spark discharge, which is imposed by an electrical ignition system. The initiation and formation of a self-sustaining flame kernel in the combustion of such an engine comprise complex processes that can have many phases. These stages are categorized as pre-breakdown, and the plasma and initial combustion phases [155] [156] [157] . The fundamental requirements for the ignition system are to create a self-sustaining flame kernel to have enough voltage to break the gap resistance between the electrodes. The ignition system should have enough energy-storage capacity to create a sufficiently sized ignition kernel, and there should be a sufficient duration of voltage release [155] . The minimum ignition energy required by different fuels in air varies. As shown in Table 7 , the minimum ignition energy required by CNG is higher than that of gasoline. The required minimum energy of ignition systems can be the function of an equivalence ratio (ϕ). For a lean local air/fuel mixture, the required minimum ignition energy can be higher. The mixture ϕ does not directly affect the initial plasma kernel; however, the inflammation process and thickness are significantly affected by the local ϕ. Hence, a lean mixture demands a larger plasma kernel before inflammation becomes apparent. The work of Aleiferis et al. [158] also showed that, for a given spark energy, the longest discharge duration produced the highest initial flame-kernel growth rate.
The regular combustion process of SI engine can be categorized into three distinct phases according to the energy release and fuel burn rate as shown in Figure 7a ,b, and as discussed in Reference [155] . The first phase is the flame development process, during which a small fraction of fuel is burned (up to 10%). The flame size in this phase, especially in the early stages, is tiny and highly influenced by the turbulent flow surrounding it, by the ϕ of the mixture, and by heat transfer due to early flame contact with spark electrodes. The turbulent flame then propagates at a fast rate until the combustion chamber limits its expansion. Up to 90% of the total fuel energy is released at the end of the fast-burning phase [155] . The process ends with the completion phase, which can be long or unable to achieve a complete combustion depending on the ϕ of the mixture and other factors. to create a self-sustaining flame kernel to have enough voltage to break the gap resistance between the electrodes. The ignition system should have enough energy-storage capacity to create a sufficiently sized ignition kernel, and there should be a sufficient duration of voltage release [155] . The minimum ignition energy required by different fuels in air varies. As shown in Table 7 , the minimum ignition energy required by CNG is higher than that of gasoline. The required minimum energy of ignition systems can be the function of an equivalence ratio (ϕ). For a lean local air/fuel mixture, the required minimum ignition energy can be higher. The mixture ϕ does not directly affect the initial plasma kernel; however, the inflammation process and thickness are significantly affected by the local ϕ. Hence, a lean mixture demands a larger plasma kernel before inflammation becomes apparent. The work of Aleiferis et al. [158] also showed that, for a given spark energy, the longest discharge duration produced the highest initial flame-kernel growth rate.
The regular combustion process of SI engine can be categorized into three distinct phases according to the energy release and fuel burn rate as shown in Figure 7a ,b, and as discussed in Reference [155] . The first phase is the flame development process, during which a small fraction of fuel is burned (up to 10%). The flame size in this phase, especially in the early stages, is tiny and highly influenced by the turbulent flow surrounding it, by the ϕ of the mixture, and by heat transfer due to early flame contact with spark electrodes. The turbulent flame then propagates at a fast rate until the combustion chamber limits its expansion. Up to 90% of the total fuel energy is released at the end of the fast-burning phase [155] . The process ends with the completion phase, which can be long or unable to achieve a complete combustion depending on the ϕ of the mixture and other factors. The performance parameters that affect the combustion of fuels in SI engines are the ϕ or its inversely proportional air-fuel ratio (λ). It increases along with the ratio of the actual fuel-air ratio to the chemically correct (stoichiometric) fuel-air ratio. Accordingly, mixtures can be lean (ϕ < 1), rich (ϕ > 1), or chemically correct (stoichiometric) (ϕ = 1). The ratio of the total volume (also known as maximum cylinder volume) to the clearance volume (minimum volume) of the engine cylinder is defined as the compression ratio (γ). The compression ratio is an influential parameter in both spark-ignition and compression-ignition engines, heavily affecting thermal efficiency. Even though thermal efficiency increases with an increase in compression ratio for both spark-and compression-ignition engines, the typical γ for a gasoline engine is traditionally limited to the range of 8-11, and 12-23 for a diesel engine. With an increase in the γ of an SI engine, the temperature of the air-fuel mixture rises above the autoignition temperature of the fuel-in-air mixture, leading to knock and surface pre-ignition. The compression ratio of diesel engines, however, is limited by the strength of the engine cylinder and the engine block material.
A proper understanding of the thermodynamic process of internal combustion engines depends on the accuracy of experimental work. Pressure and temperature measurement are the most common tools to analyze the combustion process that can be obtained through experiment. Other experimental observations need complicated and expensive measurement systems and devices, such as flame imaging, to understand the development, in-cylinder flow, spray behavior, and mixture distribution. The most widely used equipment to measure the combustion pressure is a pressure transducer that enables the study of pressure variation throughout the cycle. Observations and detailed analysis of pressure readings from a pressure transducer are utilized to gather further information about the rate of heat release (HRR), indicated mean effective pressure (IMEP), mass fraction burn (MFB), and combustion efficiency. In-cylinder pressure (P) is usually presented against degree crank angle (CAD) or cylinder volume (V). The pressure is built during the compression stroke (also called motoring pressure) and increases drastically due to the combustion process (also known as combustion pressure). It then drops as soon as the expansion stroke starts, and the built-up pressure is transformed into mechanical power, before the exhaust valve opens.
The area inside the cycle is considered IMEP. IMEP is defined as the average pressure exerted on the piston head during the working cycle developed by the combustion. The pressure difference between the pressure developed during the motoring cycle and the pressure generated during the working cycle is defined as the pressure built by the combustion process, used to calculate the heat released from the combustion.
CNG in Spark-Ignition Engines
Gasoline is used in spark-ignition engines. The transportation sector is currently under close surveillance due to an increase in emissions of CO 2 , CO, hydrocarbon (HC), and NOx from the exhaust tail of these engines. Even though liquid fuels have advantages over their gaseous counterparts, such as a higher calorific value [160] , ease of storage and transportation, and requiring smaller combustion chamber volumes, they are under scrutiny due to the gaseous emissions, as stated above. From Table 7 , it can be seen that CNG as a fuel has a lower carbon content compared to its gasoline counterpart, leading to lower emissions of CO 2 in addition the fact that CNG is utilized in an air-tight fueling system. The evaporative emissions from CNG are minimal compared to those of liquid fuels used in SI engines. Likewise, gaseous fuels such as CNG take a brief time to fully atomize with the air. On the other hand, liquid fuels need more time for the air-fuel atomization. This is due to extra time required for the evaporation of spray droplets (physical delay). As a result, liquid fuels emit more HCs, especially with an increase in engine speed. It is said that CNG/LNG vehicles emit 10-20% lower GHGs compared to gasoline vehicles [161] .
Mixture-Aspirated SI Engine
The supply of air-fuel ratio in spark-ignition engines is either via a carburetor, old technology, or through a fuel-injection system [162] . In the carburetor system, a mixture of air and fuel proportionated by the pressure difference in the venturi of the carburetor is inducted into the combustion chamber [163] . On the other hand, air alone enters through the inlet manifold and fuel is injected into the port or directly into the combustion chamber in the injection system [162] . The carburetor is completely replaced by a mixing chamber where CNG and air are mixed [164] . These types of engines are retrofitted from carburetor-type gasoline-fueled spark-ignition engines to use CNG. Such engines may operate as dual-fuel arrangements, where a CNG mixing chamber is installed after the carburetor, which is controlled by a solenoid switch valve. Since the engine is designed for liquid gasoline, it has a lower compression ratio. This is because of gasoline having a lower octane rating compared to CNG. Table 7 shows the octane rating comparison of CNG and gasoline. When CNG is fueled in a retrofitted gasoline engine, the combustion efficiency drops and combustion stability is highly compromised. Jahirul et al. [165] reported a 19.25% reduction in brake power and 15.96% reduction in brake-specific fuel consumption (BSFC) at 50% throttle position for the speed range of 1500-5500 rpm. A 15.5% reduction in brake power and 9% reduction in BSFC were also reported by Rezapour et al., as shown in Figure 8 [166] . Moreover, fueling CNG in a retrofitted SI engine requires modifications to the ignition system, valve trains, storage, and fueling system. Such limitations are addressed when using diesel engines for a retrofitted CNG engine in SI engine mode, thereby allowing a high-compression-ratio combustion chamber to be attained [167] . A comparative analysis of CNG and gasoline on such retrofitted engines could not be found in the literature as base data for such engines are available only with diesel fuel. The supply of air-fuel ratio in spark-ignition engines is either via a carburetor, old technology, or through a fuel-injection system [162] . In the carburetor system, a mixture of air and fuel proportionated by the pressure difference in the venturi of the carburetor is inducted into the combustion chamber [163] . On the other hand, air alone enters through the inlet manifold and fuel is injected into the port or directly into the combustion chamber in the injection system [162] . The carburetor is completely replaced by a mixing chamber where CNG and air are mixed [164] . These types of engines are retrofitted from carburetor-type gasoline-fueled spark-ignition engines to use CNG. Such engines may operate as dual-fuel arrangements, where a CNG mixing chamber is installed after the carburetor, which is controlled by a solenoid switch valve. Since the engine is designed for liquid gasoline, it has a lower compression ratio. This is because of gasoline having a lower octane rating compared to CNG. Table 7 shows the octane rating comparison of CNG and gasoline. When CNG is fueled in a retrofitted gasoline engine, the combustion efficiency drops and combustion stability is highly compromised. Jahirul et al. [165] reported a 19.25% reduction in brake power and 15.96% reduction in brake-specific fuel consumption (BSFC) at 50% throttle position for the speed range of 1500-5500 rpm. A 15.5% reduction in brake power and 9% reduction in BSFC were also reported by Rezapour et al., as shown in Figure 8 [166] . Moreover, fueling CNG in a retrofitted SI engine requires modifications to the ignition system, valve trains, storage, and fueling system. Such limitations are addressed when using diesel engines for a retrofitted CNG engine in SI engine mode, thereby allowing a high-compression-ratio combustion chamber to be attained [167] . A comparative analysis of CNG and gasoline on such retrofitted engines could not be found in the literature as base data for such engines are available only with diesel fuel. In regular service, natural-gas engines consume 25-35% more energy than their diesel counterparts [168] . Engines retrofitted from diesel engines for CNG fueling can only be operated in mono-fuel operation, as fueling gasoline in such engines leads to severe knock and other operation hurdles. The high compression ratio of an engine retrofitted from diesel results in higher NOx emissions [169, 170] . In addition to the issue of the compression ratio, as CNG displaces the air during the fuel-air mixing, there is an enormous compromise in the volumetric efficiency in the carbureted and indirect-injection fueling systems [11, [171] [172] [173] [174] . Specifically, in the carburetor system, there is air restriction due to the throttling effect. Therefore, the application of CNG in a mixture-aspirated SI engine is coupled with engine performance reduction. It was reported that natural gas gives 10% lower power output compared to equivalent gasoline-fueled vehicles [175] [176] [177] . On top of this, the precision of controlling the air-fuel mixture through a carburetor system was in question for a longer period. Adding electronic components did not show improvement; rather, the construction of such a system proved to be challenging [178] . It was at this point that the fuel-injection system was adopted from the compression-ignition engine fueling system. There are other mechanisms which improve the performance of CNG-fueled engine with a direct-injection (DI) fueling system, discussed in detail in the next section.
Spark-Ignition Direct-Injection Engines
Fuel delivery systems have seen various changes throughout the years, and recently incorporated advanced technologies. The development of fuel delivery started from a conventional carburetor system before arriving at the recent DI system. The limitations of a carburetor system are discussed in Section 4.1.1, and are examined further in References [179, 180] . In the fuel-injection technology, fuel-and-air mixing is performed by forcing the fuel through a narrow nozzle with the help of high pumping pressure. The fuel injection system for SI engines is broadly classified as direct and indirect injection. The direct-injection system injects the fuel at high pressure directly into the combustion chamber, while, in the indirect-injection system (port-injection, manifold-injection, and multipoint fuel-injection systems), the fuel injector delivers fuel at some point near the combustion chamber. All indirect-injection systems like the carburetor fueling system have performance loss issues when they are fueled with gaseous fuels. The fuel-injection design would avoid problems related to balancing multiple carburetors and would gain even distribution in the inlet manifold. Some advantages of the fuel-injection system involve higher volumetric efficiency, high precision with air-fuel mixture control, and thereby, a better response to change, better fuel distribution and atomization, ability to integrate with feedback control, and the use of greater overlap [181] . Furthermore, the introduction of post-combustion control of emissions, such as catalytic converters and oxygen sensors, demanded a closed-loop control system and precise metering of the fuel-air mixture [182] . Electronic fuel injection systems now supersede the early injection systems that are mechanical. Single-point fuel injection (SPI) came after the carburetor system, followed by multipoint injection (MPI), and direct injections. The technological trend of the development of fuel-injection systems is shown in Figure 9 .
The injector in a single-point injection system sprays fuel at atmospheric pressure, and as a result, the pressure regulator can constantly maintain gauge pressure. The single-point fuel-injection system (throttle-body fuel injection) is considered cheaper than multipoint fuel injection. It can result in a power reduction of 10% compared to a multipoint injection system [170] . CNG engines with single-point injection systems encounter lower IMEP, amounting to 13.8% at rated speeds compared to gasoline engines [183] . The fueling level of multipoint injection is controlled by the duration of injection pulses and fuel supply pressure, allowing for multipoint injection to gain higher power output compared to single-point injection (SPI) [184] . The fuel injector of the multipoint-injection systems senses the inlet manifold unlike the single-point-injection system, so as to maintain a constant differential pressure across the injection [179] . Moreover, the MPI system uses a more sophisticated system compared to SPI, one of which is the engine control unit (ECU) that monitors and controls the injection parameters, including injection timing, injection duration, and the amount of fuel required by each cylinder [9] . It was reported that CNG engines employing MPI systems resulted in 3 to 5% better performance than SPI CNG systems. However, CNG engines employing MPI had a 10.4% lower IMEP than gasoline engines using MPI systems [36] . Multipoint fuel injection is not uncommon in today's vehicles. Multipoint injection suffers at high load, where uniform fuel distribution cannot be achieved. As a result, the direct-injection system (DI) is considered as the most recent sophisticated fuel-injection system [185] . A typical spark-ignition direct-injection (SIDI) engine consists of a high-pressure fuel pump, injector, and ECU, where the ECU controls the amount of fuel injection and injection parameters, such as injection pressure and injection time [186] . It was reported that DI CNGs had increased engine torque at all engine speeds compared to MPI CNGs, due to higher volumetric efficiency, enhanced in-cylinder flow motion, and improved combustion with faster flame propagation [187] . The direct injection of CNG offers advantages regarding power output, an extension of lean limit, and unburned hydrocarbon (UHC) emission levels; it also increases IMEP by between 9% and 15% of that generated by the manifold injection [188, 189] .
Direct fuel injection leads to much better control of charge stratification, while simultaneously allowing homogeneous stoichiometric or lean mixtures to be formed by injecting fuel early during the induction stroke. This flexibility of controlling the timing and quantity of fuel injection electronically has advantages of reducing exhaust emissions while maintaining high power output with much better fuel economy than conventional port-injected engines [190, 191] . The advanced high-pressure fuel injection in the DI system helps the engine operate efficiently with short response times and with injection quantities appropriate for a broad range of engine sizes. While regulating injection parameters such as injection pressure, injection timing, and spray angle controlling the mixture preparation, it also helps reduce emission and increases the power output of the engine [192] . resulted in 3 to 5% better performance than SPI CNG systems. However, CNG engines employing MPI had a 10.4% lower IMEP than gasoline engines using MPI systems [36] . Multipoint fuel injection is not uncommon in today's vehicles. Multipoint injection suffers at high load, where uniform fuel distribution cannot be achieved. As a result, the direct-injection system (DI) is considered as the most recent sophisticated fuel-injection system [185] . A typical spark-ignition direct-injection (SIDI) engine consists of a high-pressure fuel pump, injector, and ECU, where the ECU controls the amount of fuel injection and injection parameters, such as injection pressure and injection time [186] . It was reported that DI CNGs had increased engine torque at all engine speeds compared to MPI CNGs, due to higher volumetric efficiency, enhanced in-cylinder flow motion, and improved combustion with faster flame propagation [187] . The direct injection of CNG offers advantages regarding power output, an extension of lean limit, and unburned hydrocarbon (UHC) emission levels; it also increases IMEP by between 9% and 15% of that generated by the manifold injection [188, 189] . Direct fuel injection leads to much better control of charge stratification, while simultaneously allowing homogeneous stoichiometric or lean mixtures to be formed by injecting fuel early during the induction stroke. This flexibility of controlling the timing and quantity of fuel injection electronically has advantages of reducing exhaust emissions while maintaining high power output with much better fuel economy than conventional port-injected engines [190, 191] . The advanced high-pressure fuel injection in the DI system helps the engine operate efficiently with short response times and with injection quantities appropriate for a broad range of engine sizes. While regulating injection parameters such as injection pressure, injection timing, and spray angle controlling the mixture preparation, it also helps reduce emission and increases the power output of the engine [192] . [193] .
The previous research and development of NGVs relied on retrofitting existing engine set-ups. Due to extensive studies on fueling technology and CNG in general, original equipment manufacture (OEM) engines are more reliable [194] . Direct-injection CNG engines are mostly designed based on the fuel properties of CNG, thereby eliminating performance loss associated with engine retrofitting [195] . However, CNG has a low flame speed (38 cm/s) and narrow combustible range (5.3-15%), and it requires a high ignition energy (0.285 MJ), as shown in Table 7 . These factors lead to incomplete combustion, and thus, lower performance and higher CO and total hydrocarbon (THC) emissions [154] . Such outcomes are more exaggerated at lower speeds and low-load operation conditions [192] . There were different improvement strategies employed over the years to optimize the performance Reduction Emissions, Increased fuel economy Figure 9 . Technological development of fuel-injection systems [193] .
The previous research and development of NGVs relied on retrofitting existing engine set-ups. Due to extensive studies on fueling technology and CNG in general, original equipment manufacture (OEM) engines are more reliable [194] . Direct-injection CNG engines are mostly designed based on the fuel properties of CNG, thereby eliminating performance loss associated with engine retrofitting [195] . However, CNG has a low flame speed (38 cm/s) and narrow combustible range (5.3-15%), and it requires a high ignition energy (0.285 MJ), as shown in Table 7 . These factors lead to incomplete combustion, and thus, lower performance and higher CO and total hydrocarbon (THC) emissions [154] . Such outcomes are more exaggerated at lower speeds and low-load operation conditions [192] . There were different improvement strategies employed over the years to optimize the performance and emissions of CNG-fueled SIDI engines. Section 4.2 discusses the relevant strategies and their success rates.
Performance and Emission Optimization Strategies of CNG Fuel in the Latest SI Engines
Due to this fuel being abundant and having superior benefits to the environment, there are multiple efforts to optimize the engine-operating parameters, based on the limitations of the fuel properties. The parameters taken in to account for the optimization of the performance of DI CNG engines include compression ratio, fuel-injection timing and duration, lean combustion, fuel stratification, ignition timing and energy control, injection pressure, exhaust gas recirculation (EGR), boost pressure, optimization of intake and exhaust valve lift, and adding more flammable fuels (hydrogen and syngas).
Effect of Compression Ratio
Increasing the compression ratio of the engine affects the pressure and temperature of the cylinder before the fuel is injected and combustion begins. This further influences the thermal efficiency, and thus, the fuel economy and emissions. Different researchers studied the effect of compression ratio on the combustion, performance, and emissions of CNG fueling in direct-injection spark-ignition engines [196] [197] [198] [199] . Damrongkijkosol and Kerdsuwan (2006) investigated the effects of compression ratio on the performance and emissions of CNG fuel in a four-cylinder four-stroke engine retrofitted from a diesel engine. The compression ratio varied from 9.0 to 10.5 with 0.5 intervals. The engine was operated in the range of 1000 to 4000 rpm. The CNG fuel performance and emissions at four different compression ratios were compared, and a further comparative evaluation was done with the base diesel fuel. Figure 10 shows the brake power of the retrofitted engine with CNG and diesel fueling. With an increase in compression ratio and engine speed, the brake power increased [199] . and emissions of CNG-fueled SIDI engines. Section 4.2 discusses the relevant strategies and their success rates.
Performance and Emission Optimization Strategies of CNG Fuel in the Latest SI Engines
Effect of Compression Ratio
Increasing the compression ratio of the engine affects the pressure and temperature of the cylinder before the fuel is injected and combustion begins. This further influences the thermal efficiency, and thus, the fuel economy and emissions. Different researchers studied the effect of compression ratio on the combustion, performance, and emissions of CNG fueling in direct-injection spark-ignition engines [196] [197] [198] [199] . Damrongkijkosol and Kerdsuwan (2006) investigated the effects of compression ratio on the performance and emissions of CNG fuel in a four-cylinder four-stroke engine retrofitted from a diesel engine. The compression ratio varied from 9.0 to 10.5 with 0.5 intervals. The engine was operated in the range of 1000 to 4000 rpm. The CNG fuel performance and emissions at four different compression ratios were compared, and a further comparative evaluation was done with the base diesel fuel. Figure 10 shows the brake power of the retrofitted engine with CNG and diesel fueling. With an increase in compression ratio and engine speed, the brake power increased [199] . [199] .
Similarly, the effect of compression ratio on the combustion, performance, and emissions of a retrofitted single-cylinder engine (rated power was 4.5 kW at 1800 rpm in petrol mode, and 3.5 kW at 1500 rpm in diesel mode) fueled with CNG was investigated by Ramachandran and Waghmare [196] . The engine was operated at engine speeds ranging from 1200 to 1800 rpm. The compression ratio varied from 8:1 to 13:1 with an interval of 1. It was reported that the engine did not experience knock over the range of compression ratios. Moreover, the peak pressure increased from 28.5 bar at a compression ratio of 8:1 to 43 bar at a compression ratio of 13:1, as shown in Figure 11 . In terms of performance and emission, a similar trend to the findings of Damrongkijkosol and Kerdsuwan [199] was reported [198] . Based on the autoignition temperature of CNG (813.15 K as shown in Table 7 ), Figure 10 . Brake power of CNG fuel at four different compression ratios and of diesel fuel [199] .
Similarly, the effect of compression ratio on the combustion, performance, and emissions of a retrofitted single-cylinder engine (rated power was 4.5 kW at 1800 rpm in petrol mode, and 3.5 kW at 1500 rpm in diesel mode) fueled with CNG was investigated by Ramachandran and Waghmare [196] . The engine was operated at engine speeds ranging from 1200 to 1800 rpm. The compression ratio varied from 8:1 to 13:1 with an interval of 1. It was reported that the engine did not experience knock over the range of compression ratios. Moreover, the peak pressure increased from 28.5 bar at a compression ratio of 8:1 to 43 bar at a compression ratio of 13:1, as shown in Figure 11 . In terms of performance and emission, a similar trend to the findings of Damrongkijkosol and Kerdsuwan [199] was reported [198] . Based on the autoignition temperature of CNG (813.15 K as shown in Table 7 ), the compression ratio often goes as high as 17-18, based on the pressure-volume-temperature (P-V-T) polytrophic compression relationship ideal gas. However, the maximum compression ratio for CNG is bounded by the design of mechanical parts (mainly spark-electrode erosion) and the thermodynamic efficiency of the engine. Most researchers agree that the maximum working compression ratio in SI engines is 15 [8, 9] .
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Effect of Lean Charge Strategy
Another trend from diesel-engine operation in the CNG SIDI engines is the lean operation strategy. In the search for reduced greenhouse gas emissions and overall fuel consumption, the lean combustion strategy is an option explored in the research domain [192, [200] [201] [202] . Lean combustion strategy works under both homogeneous and stratified charge depending on the extent of leanness. When the overall air-fuel ratio is maintained extremely lean, near to the lower flammability limit, the probability of an ignited mixture having a sustained flame is small [203] . In such cases, the strategy is mainly modified to have a fuel-stratification mechanism, so that a variable air-fuel ratio occurs around the combustion chamber. The stratification provides a relatively rich mixture near the igniter and a uniformly mixed ultra-lean mixture throughout the cylinder. Hagos et al. [192] reported an extension of the lean limit of CNG fuel with the use of a stratification fueling strategy. An extension of the lean limit of up to 10% was also reported by Evans et al. [204] , as shown in Figure 12 for a partially stratified charge engine with a speed of 2000 rpm. Furthermore, the lean-burn strategy has superior performance with regards to emissions, NOx in particular [200] . The challenges with lean charge involve engine stability, as a result of reduced burning rate [9, 200, 202] , and suitability only for part-load conditions and low-MEP operation [8] . Even though gaseous fuels are known for their lower emission of THC, lean-burn CNG has relatively higher emissions of THC, resulting from the unburned mixture in the end zone [205] . The effect of the air-fuel ratio on the combustion efficiency and emissions is shown in Figure 13 . According to the review by Cho and He [9] , the combustion instability under the lean-burn strategy can be further improved by optimizing certain parameters. These are the in-cylinder air motion, ignition energy, quality of natural gas, moisture content of induced air, residual fraction, and mixture temperature during ignition, which is a function of the compression ratio. 
Effect of Injection Timing and Injection Pressure
There are various efforts reported in the literature to improve the performance of CNG SIDI engines by injecting the fuel late after the inlet valve closes (IVC), thereby improving the volumetric efficiency drop [162, [206] [207] [208] [209] [210] . When fuel is injected after the inlet valve closes (IVC), the air-breathing capacity of the engine does not get influenced by the type of fuel. However, there is insufficient time for the fuel to completely mix with the air when the fuel is injected late, leading to a slow combustion rate. For fast-burning fuels such as hydrogen and syngas, this fuel-injection strategy is adopted and it currently attracts attention [159, 211, 212] . Aziz et al. (2010) used a dedicated CNG engine for the study of the effect of injection timing on the combustion, performance, and emissions of SIDI engines. The engine test-bed was a single-cylinder research engine (SCRE) with a compression ratio of 14. The test was conducted at full-load conditions with the ignition point set at maximum brake torque (MBT) for speeds of 2000-5000 rpm. A high-pressure injector (18 bar) was used in a central injection system. The air-fuel ratio was set at the stoichiometric condition of 17.4 for CNG gas. Furthermore, 300° before top dead center (BTDC) injection timing was used as a baseline to simulate port-injection systems as a comparison for other direct-injection systems. By applying 300° BTDC injection timing, Figure 12 . Extension of lean limit by partially stratified charge at 2000 rpm [204] . 
There are various efforts reported in the literature to improve the performance of CNG SIDI engines by injecting the fuel late after the inlet valve closes (IVC), thereby improving the volumetric efficiency drop [162, [206] [207] [208] [209] [210] . When fuel is injected after the inlet valve closes (IVC), the air-breathing capacity of the engine does not get influenced by the type of fuel. However, there is insufficient time for the fuel to completely mix with the air when the fuel is injected late, leading to a slow combustion rate. For fast-burning fuels such as hydrogen and syngas, this fuel-injection strategy is adopted and it currently attracts attention [159, 211, 212] . Aziz et al. (2010) used a dedicated CNG engine for the study of the effect of injection timing on the combustion, performance, and emissions of SIDI engines. The engine test-bed was a single-cylinder research engine (SCRE) with a compression ratio of 14. The test was conducted at full-load conditions with the ignition point set at maximum brake torque (MBT) for speeds of 2000-5000 rpm. A high-pressure injector (18 bar) was used in a central injection system. The air-fuel ratio was set at the stoichiometric condition of 17.4 for CNG gas. Furthermore, 300° before top dead center (BTDC) injection timing was used as a baseline to simulate port-injection systems as a comparison for other direct-injection systems. By applying 300° BTDC injection timing, Figure 13 . Effect of air-fuel ratio of natural gas [205] .
There are various efforts reported in the literature to improve the performance of CNG SIDI engines by injecting the fuel late after the inlet valve closes (IVC), thereby improving the volumetric efficiency drop [162, [206] [207] [208] [209] [210] . When fuel is injected after the inlet valve closes (IVC), the air-breathing capacity of the engine does not get influenced by the type of fuel. However, there is insufficient time for the fuel to completely mix with the air when the fuel is injected late, leading to a slow combustion rate. For fast-burning fuels such as hydrogen and syngas, this fuel-injection strategy is adopted and it currently attracts attention [159, 211, 212] . Aziz et al. (2010) used a dedicated CNG engine for the study of the effect of injection timing on the combustion, performance, and emissions of SIDI engines. The engine test-bed was a single-cylinder research engine (SCRE) with a compression ratio of 14. The test was conducted at full-load conditions with the ignition point set at maximum brake torque (MBT) for speeds of 2000-5000 rpm. A high-pressure injector (18 bar) was used in a central injection system. The air-fuel ratio was set at the stoichiometric condition of 17.4 for CNG gas. Furthermore, 300 • before top dead center (BTDC) injection timing was used as a baseline to simulate port-injection systems as a comparison for other direct-injection systems. By applying 300 • BTDC injection timing, fuel was injected during intake stroke, which is assumed to have the same mixture properties as port injection systems. On the other hand, 180 • BTDC was used to simulate direct injection and 120 • BTDC was used to simulate late injection after the IVC. Figure 14 shows the injection-duration mapping for the three injections, with reference to the valve inlet valve opening and closing, and the start of ignition. They reported that direct injection performed better across most operation conditions, while port injection and late injection performed better at higher and lower speeds, respectively. Figures 15  and 16 show the performance and combustion trends of different injection timings, respectively [162] .
Energies 2018, 11, x FOR PEER REVIEW 26 of 44 fuel was injected during intake stroke, which is assumed to have the same mixture properties as port injection systems. On the other hand, 180° BTDC was used to simulate direct injection and 120° BTDC was used to simulate late injection after the IVC. Figure 14 shows the injection-duration mapping for the three injections, with reference to the valve inlet valve opening and closing, and the start of ignition. They reported that direct injection performed better across most operation conditions, while port injection and late injection performed better at higher and lower speeds, respectively. Figures 15  and 16 show the performance and combustion trends of different injection timings, respectively [162] . fuel was injected during intake stroke, which is assumed to have the same mixture properties as port injection systems. On the other hand, 180° BTDC was used to simulate direct injection and 120° BTDC was used to simulate late injection after the IVC. Figure 14 shows the injection-duration mapping for the three injections, with reference to the valve inlet valve opening and closing, and the start of ignition. They reported that direct injection performed better across most operation conditions, while port injection and late injection performed better at higher and lower speeds, respectively. Figures 15  and 16 show the performance and combustion trends of different injection timings, respectively [162] . A similar study was conducted by Aljamali et al. [206] on a four-stroke four-cylinder direct-injection spark-ignition engine by varying the injection timings on 120 • BTDC, 180 • BTDC, 300 • BTDC, and 360 • BTDC. The speed was varied from 1500 rpm to 4000 rpm with an interval of 500 rpm. Maximum performance was found with the 120 • BTDC at most engine speeds tested. At 4000 rpm, 180 • BTDC was reported to perform better than the other injection timings. Better volumetric efficiency and higher performance were reported when fuel was injected near the IVC [210] .
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A similar study was conducted by Aljamali et al. [206] on a four-stroke four-cylinder directinjection spark-ignition engine by varying the injection timings on 120° BTDC, 180° BTDC, 300° BTDC, and 360° BTDC. The speed was varied from 1500 rpm to 4000 rpm with an interval of 500 rpm. Maximum performance was found with the 120° BTDC at most engine speeds tested. At 4000 rpm, 180° BTDC was reported to perform better than the other injection timings. Better volumetric efficiency and higher performance were reported when fuel was injected near the IVC [210] . Figure 16 . In-cylinder pressure (a), heat release rate (b), and mass fraction burned (c) for different injection timings at an engine speed of 3000 rpm [213] .
Zeng et al. [208] investigated the effect of injection timing on the combustion characteristics of CNG fueling in an SIDI engine. The compression ratio of the engine under study was 8:1, and the throttle was kept at 70% open. The engine was operated at 1200 rpm, and the ignition advance was kept at 32° BTDC. Unlike the two studies discussed earlier, the injection duration was held constant, and the start of injection was varied from 150 to 210° BTDC with a 10° crank angle (CA). The maximum pressure, a higher heat release rate, and the shortest heat release duration were observed with 180° BTDC, similar to the observations of Aziz et al. [164] and Aljamali et al. [206] . They reported that injection timing had considerable influence over the combustion characteristics, for late injection in particular. Late injection affects the air-and-fuel mixing, as there is insufficient time before the onset of ignition. A similar observation was also reported elsewhere by Aziz et al. [162] and Aljamali et al. [206] . Late injection was also reported to be associated with higher emissions of HC and CO. Firmansyah (2007) investigated the effect of fuel-injection pressure on the combustion, performance, and emissions of a CNG SIDI engine with a compression ratio of 14. The engine was operated at wide-open throttle, and the speed was varied from 2000 to 5000 rpm. The injection pressures considered in the study were 7.5 kPa, 12 kPa, and 18 kPa. It was shown that an injection pressure of 18 kPa had better performance at speeds below 3500 rpm, while 12 kPa showed superior performance at engine speeds higher than 3500 rpm. For the combustion process, IMEP values at 18 kPa were found to be the highest for all engine speeds, despite showing a slower burning rate compared to that at 12 kPa. Furthermore, 18 kPa showed greatest variation at lower speeds, decreasing as engine speed increased [213] . However, an insignificant effect was reported on the combustion characteristics by a change in injection pressure by Song et al. (2017) . The experiment was conducted using various injection pressures of 5 kPa, 8 kPa, and 11 kPa [210] . Zeng et al. [208] investigated the effect of injection timing on the combustion characteristics of CNG fueling in an SIDI engine. The compression ratio of the engine under study was 8:1, and the throttle was kept at 70% open. The engine was operated at 1200 rpm, and the ignition advance was kept at 32 • BTDC. Unlike the two studies discussed earlier, the injection duration was held constant, and the start of injection was varied from 150 to 210 • BTDC with a 10 • crank angle (CA). The maximum pressure, a higher heat release rate, and the shortest heat release duration were observed with 180 • BTDC, similar to the observations of Aziz et al. [164] and Aljamali et al. [206] . They reported that injection timing had considerable influence over the combustion characteristics, for late injection in particular. Late injection affects the air-and-fuel mixing, as there is insufficient time before the onset of ignition. A similar observation was also reported elsewhere by Aziz et al. [162] and Aljamali et al. [206] . Late injection was also reported to be associated with higher emissions of HC and CO. Firmansyah (2007) investigated the effect of fuel-injection pressure on the combustion, performance, and emissions of a CNG SIDI engine with a compression ratio of 14. The engine was operated at wide-open throttle, and the speed was varied from 2000 to 5000 rpm. The injection pressures considered in the study were 7.5 kPa, 12 kPa, and 18 kPa. It was shown that an injection pressure of 18 kPa had better performance at speeds below 3500 rpm, while 12 kPa showed superior performance at engine speeds higher than 3500 rpm. For the combustion process, IMEP values at 18 kPa were found to be the highest for all engine speeds, despite showing a slower burning rate compared to that at 12 kPa. Furthermore, 18 kPa showed greatest variation at lower speeds, decreasing as engine speed increased [213] . However, an insignificant effect was reported on the combustion characteristics by a change in injection pressure by Song et al. (2017) . The experiment was conducted using various injection pressures of 5 kPa, 8 kPa, and 11 kPa [210] .
Effect of Ignition Timing and Ignition Energy Control
In addition to the optimization of injection timing and injection pressure, there are various research studies on the optimization of ignition timing and ignition energy control. Ignition advances for maximum brake torque (MBT) affect the properties of the fuel, the equivalence ratio, and the burned-gas mixture. The engine design and operating conditions also have a significant impact on the optimal conditions. As shown in Figure 7 , combustion in SI engines starts slightly before the compression of TDC and continues until slightly after TDC, ending after the point of peak pressure [155] . All stages of combustion (flame development, flame propagation, and the secure termination), as well as the length of the flame travel path across the chamber, influence ignition advances for MBT. There is a lack of consistency on ignition advances for MBT of CNG in the literature. Bell et al. (1993) , as cited by Ehsan (2006) , reported it as 15-20 • CA more than that of gasoline [214, 215] . This value was contradicted by Cho and He (2007) , placing it at 2-10 • CA more than that of gasoline [9] . This is mainly due to the lower laminar flame speed of CNG compared to gasoline (38 cm/s for CNG compared to 49 cm/s for gasoline, as shown in Table 7 ). Maximum brake torque is attained by igniting the fuel-air mixture so as to attain peak pressure at slightly after TDC, thereby maximizing the transfer of expansion work from the combustion gas to the piston, while reducing the transfer of compression work from the piston to the gas [155] . Figure 17 shows the effect of ignition advances on the conversion efficiency of CNG fuel, as observed by Dimopoulos et al. [216] . The optimal ignition advance for maximum fuel-conversion efficiency of CNG was reported to be from 28-32 • BTDC. This result was similar to results obtained by Bell et al. [215] . In a separate study, • BTDC, respectively. The work did not specify the air-fuel ratio of the charge used in the study [217] . Similarly, ignition advances for MBT increase with a decrease in fuel-air ratio (ϕ) from the stoichiometric fuel-air ratio (ϕ = 1) [9] . This is due to the decrease in laminar flame speed with an increase in the air-fuel ratio [218] . Figure 18 shows the variation in laminar flame speed of CH 4 and NG under atmospheric conditions. The maximum laminar flame speed for NG (around 38 cm/s, as also stated in Table 7 ) was obtained at ϕ = 1.1. The amount of energy and the rate of energy release decreased with an increase in fuel-air mixture leanness. As a result, the laminar flame speed decreased. With a lower laminar flame speed, the mixture required a longer duration to reach peak pressure. If ignition timing is not well advanced, the position of peak pressure gets pushed far away from TDC, leading to a decrease in the transfer of expansion work from the combustion gas [155] . 
In addition to the optimization of injection timing and injection pressure, there are various research studies on the optimization of ignition timing and ignition energy control. Ignition advances for maximum brake torque (MBT) affect the properties of the fuel, the equivalence ratio, and the burned-gas mixture. The engine design and operating conditions also have a significant impact on the optimal conditions. As shown in Figure 7 , combustion in SI engines starts slightly before the compression of TDC and continues until slightly after TDC, ending after the point of peak pressure [155] . All stages of combustion (flame development, flame propagation, and the secure termination), as well as the length of the flame travel path across the chamber, influence ignition advances for MBT. There is a lack of consistency on ignition advances for MBT of CNG in the literature. Bell et al. (1993) , as cited by Ehsan (2006) , reported it as 15-20° CA more than that of gasoline [214, 215] . This value was contradicted by Cho and He (2007) , placing it at 2-10° CA more than that of gasoline [9] . This is mainly due to the lower laminar flame speed of CNG compared to gasoline (38 cm/s for CNG compared to 49 cm/s for gasoline, as shown in Table 7 ). Maximum brake torque is attained by igniting the fuel-air mixture so as to attain peak pressure at slightly after TDC, thereby maximizing the transfer of expansion work from the combustion gas to the piston, while reducing the transfer of compression work from the piston to the gas [155] . Figure 17 shows the effect of ignition advances on the conversion efficiency of CNG fuel, as observed by Dimopoulos et al. [216] . The optimal ignition advance for maximum fuel-conversion efficiency of CNG was reported to be from 28-32° BTDC. This result was similar to results obtained by Bell et al. [215] . In a separate study, investigated the effect of ignition timing on CNG at two different injection timings (60° BTDC and 90° BTDC). The 8.5:1 compression ratio two-cylinder four-stroke engine was run at 3000 rpm, and the ignition timings evaluated were 50, 44, 34, 24, 22, and 20° BTDC. The performance and emissions of the engine were studied. Ignition advances for MBT was reported at 40° BTDC and 34° BTDC for injection timings of 60° BTDC and 90° BTDC, respectively. The work did not specify the air-fuel ratio of the charge used in the study [217] . Similarly, ignition advances for MBT increase with a decrease in fuel-air ratio (ϕ) from the stoichiometric fuel-air ratio (ϕ = 1) [9] . This is due to the decrease in laminar flame speed with an increase in the air-fuel ratio [218] . Figure 18 shows the variation in laminar flame speed of CH4 and NG under atmospheric conditions. The maximum laminar flame speed for NG (around 38 cm/s, as also stated in Table 7 ) was obtained at ϕ = 1.1. The amount of energy and the rate of energy release decreased with an increase in fuel-air mixture leanness. As a result, the laminar flame speed decreased. With a lower laminar flame speed, the mixture required a longer duration to reach peak pressure. If ignition timing is not well advanced, the position of peak pressure gets pushed far away from TDC, leading to a decrease in the transfer of expansion work from the combustion gas [155] . 
Effect of Boost Pressure
The volumetric efficiency loss due to the displacement of air by gaseous fuels can be compensated by boosting the induced air, thereby increasing the breathing efficiency of the engine [219] . The volumetric efficiency of gaseous-fuel engines is also affected by the lack of evaporative cooling that is associated with liquid fuels [220, 221] . In terms of the fuel properties, CNG has a lower laminar flame speed and a lower energy density compared to its liquid counterpart, as shown in Table 7 . By doing so, the fuel economy of the engine, and thus, the pollutant emissions from the engine can be reduced. According to Hillstrom [222] , CNG is the best candidate for such an optimization due to its higher octane number. There are a number of studies on the effect of boost pressure on the performance and emissions of CNG fuel in spark-ignition engines [92, 169, 222, 223] . As cited in Cho and He [9] , due to a high boost pressure is needed to overcome the performance loss of CNG fueling in SIDI engines, this forces the spark plug to work under more stress, leading to frequent failure [224] . As a result, Chala et al. [92] recommended the use of lower boost pressure, in the range of 7.5 kPa, combined with optimal fuel-injection timing for better performance and emissions, as shown in Figure 19 .
(a) (b) Figure 18 . Laminar flame speed (cm/s) versus equivalence ratio (ϕ) for CH 4 and NG under atmospheric conditions [218] .
The volumetric efficiency loss due to the displacement of air by gaseous fuels can be compensated by boosting the induced air, thereby increasing the breathing efficiency of the engine [219] . The volumetric efficiency of gaseous-fuel engines is also affected by the lack of evaporative cooling that is associated with liquid fuels [220, 221] . In terms of the fuel properties, CNG has a lower laminar flame speed and a lower energy density compared to its liquid counterpart, as shown in Table 7 . By doing so, the fuel economy of the engine, and thus, the pollutant emissions from the engine can be reduced. According to Hillstrom [222] , CNG is the best candidate for such an optimization due to its higher octane number. There are a number of studies on the effect of boost pressure on the performance and emissions of CNG fuel in spark-ignition engines [92, 169, 222, 223] . As cited in Cho and He [9] , due to a high boost pressure is needed to overcome the performance loss of CNG fueling in SIDI engines, this forces the spark plug to work under more stress, leading to frequent failure [224] . As a result, Chala et al. [92] recommended the use of lower boost pressure, in the range of 7.5 kPa, combined with optimal fuel-injection timing for better performance and emissions, as shown in Figure 19 . 
Effect of EGR
The use of exhaust gas recirculation (EGR) was also on the cards for CNG-fueled SI engines. EGR in lean-burn CNG-fueled SI engines is not suitable, as it severely affects the stability of combustion. This is caused by dilution of the fuel-air mixture with EGR creating trouble for the early flame to sustain and develop. In a stoichiometric air-fuel ratio, however, there are numerous studies on the effect of EGR on the combustion, performance, and emissions, both experimental and numerical [225] [226] [227] [228] . Ibrahim and co-authors employed EGR with low and high boost pressure at 13 (intake pressure of 113 kPa), 100 (intake pressure of 200 kPa), and 150 kPa (intake pressure of 250 kPa). The EGR was cooled down before it was diluted with the mixture. They reported a decrease in NOx emissions, an increase in engine performance, and improved fuel economy [225, 226] . Sen et al. [227] investigated the effect of EGR on the combustion cycle-to-cycle variation of CNG fueling at a stoichiometric ratio by varying the EGR from 0-20% in 5% intervals. The engine was operated at 2000 rpm. The result indicated an increase in the cyclic variation of IMEP with an increase in the percentage of EGR.
Effect of Valve Lift and Valve Timing
Among the engine hardware-based studies, intake and exhaust valve-lift optimization is believed to enhance the combustion characteristics, engine performance, and emissions of CNGfueled engines. Optimization of the intake and exhaust valve lift contributes to the extent of turbulence on the engine mainly during the early flame-development stage, leading to a sustained flame and stable combustion [203, 229] . Soid et al. [230] numerically investigated the effect of different valve timings on the performance of a methane-fueled small engine. This was done by varying the inlet and exhaust valve openings. A 5-10% improvement in performance was reported by retarding the exhaust valve opening by 10° CA. The effect of dissimilar valve timings on the turbulence in the combustion chamber and its impact on the flame propagation stage were investigated by Ramasamy et al. [229] . An improvement in the combustion characteristics (peak pressure) and flame propagation were reported with the use of dissimilar valve timings.
Effect of Fuel Blending
Fuel blending is common in liquid fuels for both SI and CI engines. This is mainly done for fossilfuel substitution and oxygenation. In gaseous fuels, with CNG in particular, the lower laminar-flamespeed characteristics attracted researchers to add higher laminar-flame-speed fuels, such as hydrogen and syngas [218, [231] [232] [233] [234] [235] . Figure 20 shows the effect of hydrogen blending in natural gas over a range of equivalence ratios. The addition of a small quantity of hydrogen was found to have less effect on the laminar flame speed. However, Mohammed et al. [233] reported a significant influence on the performance, emissions, and combustion of a CNG DI engine upon blending a small quantity of hydrogen, as shown in Figure 21 . There are different success rates reported in the literature with 
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Fuel blending is common in liquid fuels for both SI and CI engines. This is mainly done for fossil-fuel substitution and oxygenation. In gaseous fuels, with CNG in particular, the lower laminar-flame-speed characteristics attracted researchers to add higher laminar-flame-speed fuels, such as hydrogen and syngas [218, [231] [232] [233] [234] [235] . Figure 20 shows the effect of hydrogen blending in natural gas over a range of equivalence ratios. The addition of a small quantity of hydrogen was found to have less effect on the laminar flame speed. However, Mohammed et al. [233] reported a significant influence on the performance, emissions, and combustion of a CNG DI engine upon blending a small quantity of hydrogen, as shown in Figure 21 . There are different success rates reported in the literature with hydrogen blending. Almost all research findings have a consensus that, technically, the enriching of natural gas with higher laminar-flame-speed fuels improves the combustion and performance of the engine [236] . However, this fuel-based improvement has operational limitations. Hydrogen and hydrogen-rich syngas have storage-related concerns. They are associated with hydrogen embrittlement. On the other hand, accompaniment with another high-pressure storage tank for the high laminar-flame-speed fuels would lead to space limitations and high inertia. hydrogen blending. Almost all research findings have a consensus that, technically, the enriching of natural gas with higher laminar-flame-speed fuels improves the combustion and performance of the engine [236] . However, this fuel-based improvement has operational limitations. Hydrogen and hydrogen-rich syngas have storage-related concerns. They are associated with hydrogen embrittlement. On the other hand, accompaniment with another high-pressure storage tank for the high laminar-flame-speed fuels would lead to space limitations and high inertia. hydrogen blending. Almost all research findings have a consensus that, technically, the enriching of natural gas with higher laminar-flame-speed fuels improves the combustion and performance of the engine [236] . However, this fuel-based improvement has operational limitations. Hydrogen and hydrogen-rich syngas have storage-related concerns. They are associated with hydrogen embrittlement. On the other hand, accompaniment with another high-pressure storage tank for the high laminar-flame-speed fuels would lead to space limitations and high inertia. 
CNG in CI Engines
The various strategies employed in the performance improvement of SIDI engines are mostly effective at low loads. However, with stringent emission regulations in high-torque diesel engines, significant interest is arising in dedicated CNG engines for heavy-duty transport applications. It is impossible to achieve ignition in compression-ignition engines due to the fact that CNG has a higher autoignition temperature. Therefore, CNG should be blended with a low-autoignition-temperature fuel such as diesel so as to achieve ignition in CI engines. Such arrangements can be done by either a mixed-fuel or dual-fuel arrangement. The US Environmental Protection Agency designates these two arrangements as similar. Technically, a small quantity of diesel is added in a mixed-fuel arrangement, which is sufficient only for the initiation of ignition, while up to 90% of the fuel induced is CNG. The Cummins Westport ISX12 is the latest engine running with a mixed-fuel-mode CNG engine. This engine is the latest CNG engine suitable for heavy-duty applications [237] . The engine is designed to run on CNG, liquid petroleum gas (LPG), and biomethane, and it is equipped with a maintenancefree three-way catalyst after the treatment of gas. The engine is designed to work under stoichiometric conditions with cooled-EGR technology, thereby combining the benefits of a stoichiometric ratio and lean-burn combustion [237] . In a dual-fuel arrangement, however, CNG is used for diesel substitution while the engine is still able to run using 100% diesel mode. The main motivation in using CNG and other gaseous fuels in a diesel engine is for the possible substitution of diesel by a gaseous fuel, thereby reducing cost, minimizing pollutant emissions such as NOx and particulate matter, and further increasing the performance of the engine. One of the engine technologies in dual-fuel mode, approved by the US Environmental Protection Agency in 2013, is the Detroit Diesel S60 12.7-L engine. It was claimed that up to 60% diesel replacement, noise and PM reduction by 40%, and smoke reduction by 50% are some of the benefits [238] . However, Wagemakers and Leermakers [239] reviewed the effect of the dual fueling of diesel and various gaseous fuels on performance and emission. CNG, LPG, syngas, and hydrogen are some of the gaseous fuels considered in their review. They reported that all gaseous fuels, when applied to diesel-fuel combustion as a dual fuel, could decrease soot emissions except for syngas. A reduction in NOx emissions was reported when both CNG and LPG were used as primary fuels. However, syngas and hydrogen increased NOx levels compared to diesel combustion. Unburned hydrocarbons and CO demonstrated an increased trend with all gaseous fuels. With regards to the effect of these fuels on efficiency, hydrogen and LPG had a positive effect, while syngas and CNG had a negative effect.
Conclusions and Perspectives
In the current review work, recent works focusing on natural-gas utilization in IC engines, particularly spark-ignition engines, were discussed. Progress on the development of engine technology, as well as influencing engine parameters and their impact on engine performance and 
CNG in CI Engines
The various strategies employed in the performance improvement of SIDI engines are mostly effective at low loads. However, with stringent emission regulations in high-torque diesel engines, significant interest is arising in dedicated CNG engines for heavy-duty transport applications. It is impossible to achieve ignition in compression-ignition engines due to the fact that CNG has a higher autoignition temperature. Therefore, CNG should be blended with a low-autoignition-temperature fuel such as diesel so as to achieve ignition in CI engines. Such arrangements can be done by either a mixed-fuel or dual-fuel arrangement. The US Environmental Protection Agency designates these two arrangements as similar. Technically, a small quantity of diesel is added in a mixed-fuel arrangement, which is sufficient only for the initiation of ignition, while up to 90% of the fuel induced is CNG. The Cummins Westport ISX12 is the latest engine running with a mixed-fuel-mode CNG engine. This engine is the latest CNG engine suitable for heavy-duty applications [237] . The engine is designed to run on CNG, liquid petroleum gas (LPG), and biomethane, and it is equipped with a maintenance-free three-way catalyst after the treatment of gas. The engine is designed to work under stoichiometric conditions with cooled-EGR technology, thereby combining the benefits of a stoichiometric ratio and lean-burn combustion [237] . In a dual-fuel arrangement, however, CNG is used for diesel substitution while the engine is still able to run using 100% diesel mode. The main motivation in using CNG and other gaseous fuels in a diesel engine is for the possible substitution of diesel by a gaseous fuel, thereby reducing cost, minimizing pollutant emissions such as NOx and particulate matter, and further increasing the performance of the engine. One of the engine technologies in dual-fuel mode, approved by the US Environmental Protection Agency in 2013, is the Detroit Diesel S60 12.7-L engine. It was claimed that up to 60% diesel replacement, noise and PM reduction by 40%, and smoke reduction by 50% are some of the benefits [238] . However, Wagemakers and Leermakers [239] reviewed the effect of the dual fueling of diesel and various gaseous fuels on performance and emission. CNG, LPG, syngas, and hydrogen are some of the gaseous fuels considered in their review. They reported that all gaseous fuels, when applied to diesel-fuel combustion as a dual fuel, could decrease soot emissions except for syngas. A reduction in NOx emissions was reported when both CNG and LPG were used as primary fuels. However, syngas and hydrogen increased NOx levels compared to diesel combustion. Unburned hydrocarbons and CO demonstrated an increased trend with all gaseous fuels. With regards to the effect of these fuels on efficiency, hydrogen and LPG had a positive effect, while syngas and CNG had a negative effect.
Conclusions and Perspectives
In the current review work, recent works focusing on natural-gas utilization in IC engines, particularly spark-ignition engines, were discussed. Progress on the development of engine technology, as well as influencing engine parameters and their impact on engine performance and emissions, and the socio-economic prospect of the fuel were evaluated. Recently, in the automotive industry, the application of CNG in SI engines is more customary than before. The driving force for such movement is due to the technical superiority of the fuel as compared to its conventional counterparts. Technological advantages under spotlight are the higher octane number, higher autoignition temperature, high hydrogen-to-carbon ratio, gaseous phase under atmospheric conditions, and wider flammability limit. The higher octane number of natural gas allows for high compression of the engine, which in turn, results in enhanced power and higher total combustion efficiency. CNG/LNG vehicles reduce GHG emissions by 10-20% compared to gasoline vehicles. The lower number of particulates from CNG also results in reduced wear of the parts in relative motion compared to liquid fuels, and this, in turn, reduces the maintenance of CNG engines, despite the higher compression ratio and higher combustion temperature potentially slightly raising stress in the moving parts. The lower frictional loss in CNG vehicles could also result in reduced noise. Moreover, natural gas has lower fuel consumption, which is considered as economical for use as a fuel. In addition to the technical advantages, natural gas is abundantly available. The recent expansion in the production of natural gas from shale (shale gas) further increased the relevance of the fuel in the transportation sector. Globally, the production potential and capacity advanced in recent years. As a result, the natural-gas resource potential map is regularly being revised, even though such trends are marred by geopolitical complexities. On the other hand, conventional fuels are having trouble complying with the ever-increasing emission restrictions. This situation provides an upper hand to natural gas in tackling the GHG emission concerns.
The research and development of natural-gas-fueled IC engines focused on modified gasoline engines. Consequently, the perception of the fuel with researchers and end users was slightly negative, despite it having enormous economic, technical, and environmental benefits. The use of natural gas can result in a significant reduction in maximum power, torque, and volumetric efficiency at fully open throttle operation, which is attributed to the displacement of air by natural gas and the absence of evaporation cooling. Natural-gas engines have a lower power output than gasoline-fueled engines, mainly due to the lower energy content of natural gas, the displacement of air, and longer combustion durations. CNG vehicles have a 10-20% reduction in power compared to their gasoline counterparts after modification/retrofit. Comparatively, the natural-gas engine conversion from gasoline-fueled engines requires some modifications on the ignition system and valve trains, as well as the storage and fueling systems. Our transportation system was 100% reliant on conventional fuels. As a result, our technological development and infrastructure are tailored to that mode. In designing alternative or replacement fuels, the existing technological set-up and infrastructure should be taken into account. There are close to 1.2 billion cars in operation. In addition to designing a new engine based on its fuel characteristics, the adaptation and retrofitting of existing engines to accommodate CNG in either a standalone mode or as a dual fuel is on the rise.
Low engine efficiency and power output are issues encountered with retrofitted natural-gas engines. It was reported that natural gas results in a 10% lower power output compared to equivalent gasoline-fueled vehicles. In regular service, natural-gas engines consume 25-35% more energy than their diesel counterparts. Pumping loss and lower volumetric efficiency could arise due to the gaseous nature of natural gas. More unburned fuel could also result as CNG burns slower than conventional liquid fuels. Moreover, the cooling effect produced due to the vaporization of liquid fuel is absent when using CNG. The higher temperature due to the higher compression ratio of CNG engines usually results in higher NOx emissions. A sluggish start-up is another disadvantage of natural-gas engines, although this effect could be minimized by adding hydrogen as a secondary fuel.
Since the development of tailored direct-injection CNG engines, optimal engine-operating conditions were specified, and the performance and emissions of CNG DI engines became on par with their gasoline counterpart. Due to CNG being a gaseous fuel, fuel-and-air mixing is not an issue. As a result, injection timing can be varied with the appropriate design of an injector. An injector with a narrow-angle design was found to be suitable for natural-gas fuel by different researchers.
There are different mechanisms deployed in order to overcome the efficiency deficit when using natural gas, such as working toward lean-burn combustion, supercharging, optimizing fuel-injection parameters (injection timing, injection pressure, and injection duration), optimizing ignition energy, ignition timing, and the optimization of valve timing. All these strategies have their strengths and weaknesses, as discussed in Section 4.2 in detail. Lean-burn technology would increase engine efficiency, and hence, the vehicle capacity range. Moreover, electronics like variable valve timing, skip-fire, and new engine technologies can help enhance the performance of gas engines. However, these enhancements are at the cost of engine torque. As a result, they are only suitable for small-load and low-speed operations. Similarly, improvements resulting from late injection of the fuel were associated with increased emissions of CO and HC. The combined effect of the engine-based mechanisms mentioned above could slightly improve SI engine efficiency. However, this improvement cannot beat the expectation of energy security and GHG emission concerns. As a result, fuel-based improvements, such as mixing CNG with high laminar-speed fuels and coupling engines with steam reformers for inline syngas mixing (research in its early stage), are on the table. A radical line of thinking currently in the research-and-development stage is the use of CNG in high-pressure DI diesel engines. This is achieved through mixed-and dual-fueling modes, where both CNG and diesel are injected into the cylinder at various times. The pilot fuel (diesel) is injected to initiate the ignition. In this arrangement, a maximum diesel replacement of up to 90% could be attained. The use of natural gas in automotive engines is expected to accelerate in the coming years due to the stringent regulations on liquid-fuel-based engines and the emergence of the latest strategies in fueling systems and combustion mechanisms.
